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Abstract
The renewable energy is connected to the power grid through power electronic
converters, which are lack of make the inertia of synchronous generator/machine
(SM) be lost. The increasing penetration of renewable energy in power sys-
tem weakens the frequency and voltage stability. The Grid-Forming Convert-
ers(GFCs) simulate the function of synchronous motor through control method
in order to improve the stability of power grid by providing inertia and stabil-
ity regulation mechanism. This kind of converter control methods include virtual
synchronous machine, schedulable virtual oscillator control and so on. These con-
trol method mainly use AC side state feedback and do not monitor the DC side
state. This paper analyzes the control strategy of GFC considering power grid sta-
bility, including Frequency Droop Control, Virtual Synchronous Machine Control
and dispatchable Virtual Oscillator Control. The DC side voltage collapse prob-
lem is found when a large load disturbance occurs. The control methods of GFC
considering DC side voltage feedback are proposed, which can ensure the syn-
chronization characteristics of grid connection and solve the problem of DC side
voltage collapse. The proposed method is verified by IEEE-9 bus system, which
shows the effectiveness of the proposed method.
Keywords: renewable energy; Grid-Forming Converters; power grid stability;
DC voltage feedback
1. Introduction
Renewable energy power generation technology provides conditions for solv-
ing the contradiction between the increasingly exhausted traditional energy and
the continuous growth of energy demand [1]. The transition from fossil fuel based
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thermal power generation to renewable energy generation power converters con-
nection to the grid, which leads to the weakening of inertia and the threatening to
grid voltage and frequency stability control mechanism of synchronous machines.
This reduction of moment of inertia makes the power system to be a low inertia
network, which brings serious stability challenges to the power grid [2-4].
In order to solve this problem, grid forming converters (GFCs) technology
is considered as the cornerstone of the future power system. According to the
characteristics and functions of synchronous motor, the grid connected converter
must support load sharing / droop characteristics, black start, inertial response and
hierarchical frequency / voltage regulation functions [5]. These functions enable
SMs and GFCs to ensure the stability of the system in the interaction.
In recent years, the control strategies of GFCs include Frequency Droop Con-
trol, which imitates the frequency droop regulation mechanism existing in syn-
chronous generators, is a widely applied grid connected converters[6]. In order to
further simulate the external characteristics of SMs, a virtual synchronous gener-
ator (VSG) control strategy [7-9] is proposed to make the GFC demonstrate syn-
chronous generator external characteristics. The virtual oscillator control (VOC)
simulates the synchronization behavior of Linard type oscillator. VOC can the
power system consisting of renewable energy connection using GFC be synchro-
nized globally, but the rated power cannot be determined. dVOC (dispatchable vir-
tual oscillator control) [11-12] can ensure synchronization and control AC power
to reach the pre-calculated working point(i.e., the rated power), thus overcoming
the limitations of VOC.
The existing control methods of GFCs do not consider the DC side working
state, which might lead to voltage collapse caused by DC side current over limit
in case of large load disturbance, other states of power system, such as power,
voltage, frequency. Reference [13] proposed an AC current saturation algorithm
to improve the stability of AC side voltage. But it can not solve the problem of
DC voltage collapse caused by DC current over limit. To solve this problem, the
DC voltage feedback is introduced to the GFC to ensure the DC side current and
voltage keep in a stable range, which solves the problem of DC voltage collapse
and improves the stability of the whole system.
The rest of this paper is arranged as follows: Section 1 introduces the math-
ematical model of GFC and analyzes the problems in existing control methods;
section 2 proposes a new control strategy of GfC based on DC voltage feedback;
section 3 uses IEEE-9 bus system to verify the proposed strategy; section 4 gives
the conclusion.
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Figure 1: schematic structure
2. GFC model and problem statement
2.1. Grid forming converter
The structure of GFC is shown in Fig. 1, including DC power supply module,
inverter module, filter module and grid connected converter control module
The unified model of the grid connected converter is given by [14]:
Cdcv˙dc = idc − Gdcvdc − ix,
Li˙s,αβ = vs,αβ − Ris,αβ − vαβ,
Cv˙αβ = is,αβ − iαβ,
(1)
Where Cdc is the DC link capacitance, Gdc is the DC side conductance, L, C,
R are filter inductance, capacitance and resistance, respectively; iτ is the current
supplied from DC source; idc, vdc is DC current and voltage; malpha/beta represents
the modulation signal of the GFC; ix = (1/2)m
T
αβ
is,alpha is the DC current delivered
to the switch; is,alpha/beta and vs,alpha are the output current and voltage of the grid
connected converter (before the output filter), respectively; ialpha/betaand valpha/betais
the GFC output current and voltage, respectively.
2.2. DC side current limitation and its problem
In order to prevent DC side current from over-limiting caused by load distur-
bance, the traditional GFC adopts formula (2) to limit the DC side current
idc = sat
(
iτ, i
dc
max
)
=

iτ i f |iτ| <
∣∣∣idcmax∣∣∣ ,
sgn (iτ) i
dc
max i f |iτ| >
∣∣∣idcmax∣∣∣ , (2)
where idcmaxis the maximum DC current limit amplitude.
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Figure 2: waveform of DC current (a) and voltage (b) with small load disturbance at 1s
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Figure 3: waveform for large load disturbance, DC current (a), voltage (b)
Figure 2 shows the variation curve of DC voltage and current under virtual
synchronous generator control. Figure. 2 (a) shows the change of DC side current
when the load increases from 0p.u. to 0.78p.u. at 1s, and Fig. 2 (b) shows the
change of DC side voltage corresponding to subgraph (a). In Fig. 2 (a), the black
dotted line represents the current demand, the red solid line represents the actual
DC current, and the blue dotted line represents the DC current limit. It can be
seen that the stability of DC load is not affected by such load disturbance.
However, when the load disturbance increases from 0 p.u. to 0.9 p.u., Figure
3 shows the curve of DC side states under the same control strategy as that in Fig.
2.
The meanings of different line types in Fig. 3 are the same as those in Fig. 2.
Figure 3 (a) shows the change of DC side current. After 4 S, the DC side current
is always in saturation state, and Fig. 3 (b) shows the change of DC side voltage.
It can be seen that the DC link capacitor is constantly discharging to make up for
the lack current iτ − i
dc
max. Long time DC power saturation will lead to DC voltage
collapse.
Figure 4 shows the curve of each state when the virtual synchronous generator
control strategy is adopted in the corresponding AC side in Fig. 3. Figure 4 (a)
shows the AC side frequency waveform and Fig. 4 (b) shows the active power
waveform. It can be seen from Fig.3 and Fig.4 that when the GFC controlled by
virtual synchronous generator method is disturbed with the large load disturbance,
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Figure 4: waveform of AC side frequency (a), active power (b) under large load disturbance
(a)
Figure 5: double closed loop control block diagram with AC current limiting
the DC side current and voltage may become unstable, which in turn leads to large
fluctuations of AC side frequency, power and other states. If other GFC control
methods are adopted, such as Frequency Droop Control, dVOC, the situation is
similar to that in Fig. 3 and Fig. 4, which are given here.
For the DC side voltage collapse caused by large load disturbance, the refer-
ence [13] had proposed to limit the AC current, that is, adding an AC current lim-
iting module in to the conventional current and voltage double closed-loop control
to prevent the over discharge of GFC DC link capacitor. The double closed-loop
control with AC side current limitation block diagram is shown in Fig. 5
In Fig. 5, AC current limitation is added on the basis of AC voltage control
loop and current control loop. The AC side current limit is as follows:
i¯∗s,dq =

i∗
s,dq
i f
∣∣∣is,dq∣∣∣ 6 ∣∣∣iacmax∣∣∣
γii
∗
s,dq
i f
∣∣∣is,dq∣∣∣ > ∣∣∣iacmax∣∣∣ , (3)
where i¯∗
s,dq
is the limited amplitude reference current holding i∗
s,dq
; γi =
(
iacmax
/∥∥∥∥i∗s,dq
∥∥∥∥
)
is the amplitude limitation factor. Figure 6 shows the change curve of DC side
current and voltage corresponding to those in Fig. 4 when AC current limiting
is added. It can be seen from Fig. 6 that the DC side voltage collapse cannot
be avoided because of the long-term DC side current shortage when the VSG
method with AC current limitation is added. Using other control methods such as
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Figure 6: DC current (a), voltage (b)
Frequency Droop Control, dVOC could achieve the similar results as that in Fig.
6, which are not given here for limited length of the paper.
3. GFC control considering DC voltage feedback
The current GFC control methods only consider the AC side performance by
using the AC side state feedback control, which is the reason of the DC voltage
collapse caused by the DC current shortage for long time when the large load per-
turbation occurs. To solve this problem, this paper proposes to add the DC voltage
feedback into the traditional GFC controllers, so as to avoid the DC voltage col-
lapse caused by large load disturbance. The DC voltage feedback is incorporated
into droop control, VSG and dVOC, respectively, to show the effectiveness of the
proposed method.
3.1. VSG control with DC voltage feedback
The VSG control is described as follows:
θ˙ = ω,
Jω˙ =
1
ω∗
(p∗ − p) + Dp (ω
∗ − ω) ,
(4)
where, ω∗ is the rated frequency, ω is the actual frequency, θ is the phase angle, p
is the active power, p∗ is the active power setting value, Dp is the damping coef-
ficient and Jis the virtual moment of inertia. Considering adding the DC voltage
feedback control term ω = vdc
v∗
dc
ω∗ into the original VSG controller, Equation (4) is
changed into equation (5):
θ˙ = ω,
ω˙ = α
(
1
Jω∗
(p∗ − p) +
Dp
J
(ω∗ − ω)
)
+ (1 − α)
d
dt
(
vdc
v∗
dc
ω∗
)
,
(5)
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Figure 7: new VSG control with DC voltage feedback
where vdc is the DC side voltage, v
∗
dc
is the DC side voltage setting value, and
α is the weight to balance the traditional control and DC voltage feedback. The
control block diagram of VSG with DC side voltage feedback is shown in Fig. 7.
The red dotted box is the DC side voltage feedback part added in this paper:
3.2. Frequency Droop Control with DC voltage feedback
Frequency Droop Control formula:
θ˙ = ω,
ω = ω∗ + dω (p
∗ − p) ,
(6)
where dω is the droop gain, and other variables are defined in the same as formula
(4). After adding DC voltage feedback to the original Frequency Droop Control
method, the following controller is obtained
θ˙ = ω,
ω = α (ω∗ + dω (p
∗ − p)) + (1 − α)
(
vdc
v∗
dc
ω∗
)
.
(7)
The control block diagram of frequency droop control with DC voltage feed-
back is shown in Fig. 8, where the red dotted box is the added DC voltage feed-
back item.
3.3. dVOC control with DC voltage feedback
dVOC controller is as follows:
θ˙i = ω
∗ + η
(
p∗
i
v∗2
i
−
pi
‖vi‖
2
)
,
‖v˙i‖ = η
(
q∗
i
v∗2
i
−
qi
vi
)
‖vi‖ +
ηµ
v∗2
i
(
v∗2i −
∥∥∥v2i ∥∥∥) ‖vi‖ ,
(8)
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Figure 8: new Frequency Droop Control model with DC voltage feedback control
(a)
Figure 9: new dVOC model control with DC voltage feedback
where q is the reactive power, q∗ is the set value of reactive power, η, µ are control
gain, vi is the output reference voltage of the controller, and other variables are
defined in the same formula (4). After adding DC voltage feedback to the original
control method, the controlled system is given as follows:
θ˙i = ω
∗ + ηα
(
p∗i
v∗2
i
−
pi
‖vi‖
2
)
+ (1 − α)
(
vdc
v∗
dc
ω∗
)
,
‖v˙i‖ = η
(
q∗
i
v∗2
i
−
qi
vi
)
‖vi‖ +
ηµ
v∗2
i
(
v∗2i −
∥∥∥v2i ∥∥∥) ‖vi‖ .
(9)
The control block diagram of the dVOC with the DC voltage feedback is
shown in Fig. 9, and the red dotted line box is the added DC voltage feedback
item.
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Figure 10: IEEE-9 sectors system model
4. Simulation results and their analysis
In this paper, IEEE-9 sections system shown in Fig. 10 is used for simulation
verification. SM in the figure is the generator, GFC1 and GCF2 are two grid con-
nected converters, which are connected to the buses through three transformers.
4.1. Simulation parameters
The IEEE-9 sectors test system is simulated byMatlab / Simulink. RLCmodel
is adopted for modeling the line, and the transformer is modeled by three-phase
linear transformer model. The parameters of simulation model are given in Table
1.
ieee-9 bus test system parameters
S b 100MVA vb 230kV ωb 2pi50rad/s
Droop control parameters
dω 2pi0.05 ω
∗ 2pi50 kp, ki 0.001£0.5
VSG parameters
Dp 10
5 J 2 × 103 kp, ki 0.001£0.0021
dVOC parameters
η 0.021 µ 6.66 × 104 K pi/2
4.2. Simulation parameters
1) Frequency Droop Control
Figure 11 shows the simulation results of Frequency Droop Control method
with DC voltage feedback when the load disturbance increases from 0 p.u. to 0.9
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Figure 11: Frequency Droop Control with DC voltage feedback, DC current waveform, (b) DC
voltage waveform.
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Figure 12: frequency (a), active power (b) corresponding to the case in Fig.11
p.u. at 1s. The curves of DC side current and voltage are shown in subplots (a)
and (b), respectively. It can be seen that the DC side current can be stabilized to
the rated value in a short transient time.
Figure 12 shows the waveforms of AC side frequency, active power and out-
put voltage amplitude corresponding to Fig. 11. It can be seen that the Fre-
quency Droop Control method with DC voltage feedback ensures the stability of
the whole system.
2) Simulation results of VSG control
Figure. 13 shows the waveform of DC side current and DC voltage of VSG
control method with DC voltage feedback when the load disturbance increases
from 0 p.u. to 0.9 p.u. in steady state at 1s. Figure 14 shows the waveforms of
AC side frequency (a), active power (b) and output voltage amplitude (c) corre-
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Figure 13: VSG control with DC voltage feedback, (a)DC current waveform, (b) DC voltage
waveform
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Figure 14: AC side frequency (a), active power (b) and output voltage amplitude (c) corresponding
to the situation in Fig.13
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Figure 15: DVOC control with DC side voltage feedback, (a)DC current waveform, (b) DC
voltage waveform
sponding to the situation in Fig. 13. As can be seen from Figs. 13 and 14, VSG
control with DC voltage feedback ensures the stability of both DC and AC sides.
3) dVOC control simulation results
Figure 15 (a) and (b) show the waveforms of DC side current and voltage
under the control of dVOC control method when the load disturbance increases
from 0 p.u. to 0.9 p.u. at 1s. It can be seen from Figs. 11, 13 and 15 that by adding
DC voltage feedback to the traditional grid connection control methods including
FDC, VSG, and dVOC, can solve the problems of DC side current over-limited
and DC voltage collapse caused by large load disturbance.
Figure 16 shows the waveform of frequency (a), active power (b) and output
voltage amplitude (c) corresponding to Fig. 15. It can be seen from Figs. 12,
14 and 16 that adding DC voltage feedback into the traditional grid connection
control strategy can stabilize all electrical states of the system to a stable value in
a short time under the condition of large load disturbance. Figure 17 shows the
time-varying curves of frequency (a), active power (b) and output voltage ampli-
tude (c) of SM, GFC1 and GFC2 under the VSG control method based on DC
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Figure 16: AC side frequency (a), active power (b) and output voltage amplitude (c) corresponding
to the situation in Fig.15
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Figure 17: frequency (a), active power (b) and output voltage amplitude (c) on AC side
voltage feedback when the load disturbance increases from 0p.u. to 0.9p.u. it
can be seen that after the system is disturbed, each electric quantity will fluctuate
in varying degrees. In about 1.5s, all electrical quantities tend to be stable. The
corresponding electrical quantities of other nodes are synchronized.
To sum up, Frequency Droop Control, VSG and dVOC are, respectively, based
on the control formula (6), (8) and (10). Since the controller only considers the
measurement and feedback of AC power, although it can improve the frequency
stability performance of the system, the DC side state is unknown, which might
lead to DC side voltage collapse under large disturbance. On the basis of the orig-
inal controller, DC voltage feedback is introduced, The formulas (7), (9) and (11)
are obtained respectively, which can make the DC side and AC side be controlled
coordinately, and ensure the AC side performance and the DC side stability. The
simulation results show that the proposed control method improves the robustness
12
of the system when the power system is disturbed in a large amplitude.
5. Conclusion
In this paper, the IEEE-9 node simulation model is built in Matlab / Simulink
environment. The simulation results show that the current GFC control methods
such as Frequency Droop Control, VSG and dVOC might cause DC side current
overlimited and, voltage collapse, and then lead to the instability of other electrical
state of the system, such as frequency, active power, etc. In this paper, the DC side
voltage feedback is added to the existing GFC control methods The simulation
results show that the method is effective to solve the problem stated above.
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